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Abstract 
Reversible strain dependencies of critical current Jc in YBCO coated conductors and epitaxial PLD films are 
nonlinear, non-monotonous and have two peaks in a certain range of applied field in a contrary to quasi-linear 
asymmetric reversible dependence in BiSCO films. We have developed a new theoretical model, which takes into 
account a twin domain structure of YBCO and the anisotropy of uniaxial strain dependence of Tc. Many 
experimentally observed effects, such as temperature, magnetic field and two-peak strain dependences of Jc, are 
shown to be described in the framework of suggested model. 
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1. Introduction 
Reversible strain behavior of the critical current Jc in coated conductors, epitaxial PLD single and bi-
crystal films is widely discussed in recent publications [1-5]. Reversible dependences of Jc on strain in 
BiSCO based tapes are quasi-linear and asymmetric by sign. It is naturally explained by Tc dependence on 
strain [1]. In a contrary, many features of Jc strain dependence in YBCO films, especially in the applied 
magnetic field, are not comprehended [2-5]. 
Reversible Jc dependences on strain ε in full-width MOD-RABiTS coated conductors in self field as 
well as in laser-cut bridges were empirically described with a power function [2] 
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with A = 5640 – 10500, B = 2.18 ± 0.02 and |εm| < 0.15%. εm was attributed to “initial strain” of  
specimens, A was mentioned as “strain sensitivity”, while neither interpretation was given to A and B 
values. In PLD epitaxial YBCO films on STO single- and bi-crystalline substrates the strain dependences 
were measured only for the negative strain (compression) because even small tensile leads to substrate 
cracking and irreversible changes [2, 3]. The measured negative branch is well fitted by Eq. (1) with 
similar parameters as for coated conductors. Critical currents through bi-crystal grain boundaries with 
various angles show qualitatively different behavior – monotonic increase at compression. Nevertheless, 
they were also fitted by Eq. (1), but with large negative εm exceeding by the absolute value the 
reversibility range [2, 3]. 
Strain dependencies of Jc in YBCO coated conductors were also measured in applied field [4, 5] and 
fitted with the same law Eq. (1), while A and εm parameters were assumed to vary in applied field H [4]. 
Such dependencies A(H) and εm(H) turned out to be nonmonotonic. Moreover, for the field applied 
parallel to the c-axis the data at |ε| < 0.4% and 0.1 T < H < 3 T were excluded from the analysis because 
of nonmonotonic dependences for both signs of ε. This observation was ascribed to certain Jc suppression 
at low field and strain. Neither interpretation was given for such suppression, as well as for its absence in 
the case of field parallel to the ab-plane. We suggest a simple model explaining all the peculiarities of Jc 
reversible strain dependencies in YBCO. 
2. Model 
Two key features of YBCO should be taken into account: twin domain structure of YBCO in 
orthorhombic phase with alternating directions of a and b axes in adjacent domains and the anisotropy of 
uniaxial strain dependence of Tc in this phase. The twin domain structure of a sample is being formed at 
tetra – ortho transition due to cooling and/or oxygen annealing. The process is governed by a defect 
structure already formed in tetra-phase during deposition (chains of edge dislocations forming low-angle 
boundaries, precipitates of impurity phases, etc.). The whole volume of the sample is divided by such 
defects into a multitude of coherent twinning blocks. The tetra – ortho transition proceeds independently 
from a single seed fluctuation in each coherent block resulting in twin domain structure, which minimizes 
the total strain of the block. The formed structure is characterized by one of two possible orthogonal 
directions of twin plane normal (about ±45° to a and b axes) and by a distribution of twin domain width 
W. The twin domain length L is determined by size and shape of the coherent block. According to TEM 
images in ab-plane of PLD films and coated conductors the typical L is few hundreds of nanometers, 
while W is an order of magnitude less. For simplicity we shall neglect possible alternation of blocks in the 
c-axis direction and consider only 2D-picture in ab-plane. 
Strain applied to a sample in experiments determines a certain selected direction (along the tape, 
normal to the bicrystal boundary, etc.), which usually coincides within few degrees with directions of a 
and b axes in all the blocks. We shall mark twin domains and corresponding quantities with indices a and 
b according to the axis coinciding with the selected direction. Measurements of the thermal expansivity 
anomaly at Tc in optimally doped untwined YBCO single crystal allowed to determine dTc/dHa = –217 K 
and dTc/dHb = 316 K [6]. This striking anisotropy of Tc dependence on strain with opposite signs in a and 
b directions means that any twinned YBCO sample even uniformly strained becomes inhomogeneous by 
Tc in the twin scale. 
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Fig. 1. (a) TEM image of the twin domain structure in YBCO film; (b) Three types of pinning centers according to their twin-
domain surrounding. 
Let us consider strong pinning centers for Abrikosov vortices, such as defects forming the boundaries 
of coherent twinning blocks. They may be divided into three types: a, b, and ab (ba) according to their 
twin-domain surrounding (Fig. 1). For simplicity in the absence of applied strain all centers are assumed 
to be equivalent and characterized by the maximal pinning force fp = fp0τS [7], where τ = 1 – T/Tc is 
reduced temperature. The exponent S may change from 3/2 for rp >> [(T) to 5/2 for rp << [(T), where [(T) = [0 τ–½ is the coherence length and rp is a characteristic size of pinning center. When a strain is 
applied, the maximal pinning force is decreasing or increasing for a and b centers accordingly to the 
strain sign, while ab-centers are assumed to be insensitive to the strain. In general case, pinning force may 
depend on strain also through the pinning force at T = 0: fp0 = fp[O0(H), [0 (H)]. This may be essential at low 
temperatures, but the striking decrease of Jc sensitivity to strain with lowering T [5] suggests that GTc(H)-
mechanism is prevailing, at least for nitrogen temperatures at which a majority of experiments were 
carried out. Thus, the derivative of pinning force by strain can be expressed through the strain dependence 
of Tc: 
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We are generalizing the model [8, 9] used to describe magnetic field and temperature dependencies of 
Jc in YBCO epitaxial films for the case of different types of pinning centers in a strained state. The 
critical current density is determined by a condition of collective depinning of distorted vortex line lattice 
(VLL) from a statistical ensemble of pins, when the total Lorentz force applied to VLL is compensated by 
the sum of maximal pinning forces: 
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Let us first consider the self-field case, when all the vortices can accommodate to strong pinning 
centers at the block boundaries. Without applied strain all the centers are equivalent, probability of 
vortices to be pinned on a certain class of defects is proportional to their relative density ni. Obviously, 
the sum of ni should be unity: na + nb + nab = 1. 
If strain is applied, the probabilities of vortex pinning at a and b centers are changing: 
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 na(H) = na – 'n(H),   nb(H) = nb + 'n(H). (4) 
The number of ab centers na,b is assumed to remain constant. The redistribution function 'n(H) should 
be obtained from the model. The maximal pinning forces for a and b centers may be expanded in Taylor 
series: 
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with i = a, b. After substitution of Eq. (2) into Eq. (5) and then Eqs. (4) and linear terms in Eq. (5) into 
Eq. (3) one can obtain the Jc dependence on strain: 
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If we assume 'n(H) v H with sign['n(H)] = sign(H) then Eq. (6) qualitatively reproduces experimental 
self-field strain dependencies of Jc with the first term in square brackets determining the strain sensitivity 
and the second one characterizes the initial strain, which is actually determined by a statistical twin 
structure asymmetry fixed during the ortho – tetra transition in the sample. Let us obtain the redistribution 
function 'n(H) explicitly taking into account features of the critical state of superconductors. Near the 
threshold (critical) value of current density the most of time each vortex is pinned at a certain strong 
pinning center but distorted VLL is slowly dragged in the direction of Lorentz force due to a finite creep 
rate. Although relative time interval when a vortex is depinned can be negligibly small, it determines the 
probability of the next strongly pinned state type for this vortex. Sliding through twin structure during 
elementary creep act, vortices prefer domains with lower value of Tc. Therefore, a probability of 
subsequent pinning on the respecting type of defects is increased. To describe this effect quantitatively let 
us consider a vortex far away from strong pinning sites. The vortex is threading in z-axis direction at 
x = x0, y = 0 parallel to twin boundary plane x = 0. Self-energy of isolated vortex E0 = (I0/4SO)2 ln(O/[) v 
τ since O(T) = O0 W –½. Week pinning potential associated with the difference of Tc in adjacent strained twin 
domains is [10] 
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for the case x0 | W. 'E0(H) = E0[τa(H)] – E0[τb(H)] is the strain-induced difference in a- and b-domain 
vortex self-energy far away from a twin boundary. To obtain the critical displacement x0 = G, which 
determines the redistribution function 'n(H) = 2G(H)/(Ŵa + Ŵb) one should equalize the core-pinning 
energy (7) to the gain of electromagnetic energy of vortex interaction with neighbors due to displacement 
from the local potential minimum (the site of distorted VLL) (E0/4a02)G2  [9, 10]. a0 is the local lattice 
constant in the self-field. We get 
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Finally, three regimes for 'n(H) follow from Eq. (8). At small strains, when G < 2 [, 'n(H) v H. At 
increasing strain, when 2 [ < G < W, the dependence is crossing over to 'n(H) v H½ with logarithmic 
accuracy and saturates for G | W/2. Estimates for low-strain regime of 'n(H) inserted in Eq. (6) give 
reasonable values of strain sensitivity A and exponent B in Eq. (1) (B = 2). However, the range of 
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applicability of this regime appears to be too narrow. This means that the third quadratic term in Eq. (5) 
should be taken into account. Derivation of Eq. (2) yields: 
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The second derivative of the pinning force Eq. (9) is nearly isotropic in a contrary to the first one 
Eq. (2), and governs the suppression of Jc at large absolute values of strain due to the third additional term 
in brackets from Eq. (6) such as: –[naDa + nbDb + 'n(H)(Db – Da)]H, where Di { |w2fp/wH2|i is given by 
Eq. (9). Let us estimate the first term in the braces Eq. (9), which appears to dominate, at least at the 
nitrogen temperature and lower. The experimentally obtained signs of wTc/wHi suggest that at optimal 
doping the square unit cell of the CuO2 planes is preferable for superconductivity [6], while the CuO 
chains formed in YBCO oxygenated state compress the unit cell in the a-axis direction during 
orthorhombic transition and suppress the actual value of Tc compared to its potentially optimal value Tc0. 
We assume that Tc dependences on internal and external strains are equivalent: Tc = Tc0 – A0H2ortho, where Hortho = (b – a)/(a + b) | 0.01. So, we estimate A0 = – w2Tc/wH2 | |wTc/wHa|/(2Hortho) | 10 800 K.  
In the case of external magnetic field applied to a sample, it should be noted that the strain-induced Tc-
inhomogeneity on the twin scale has the dual role. On the one hand, the mentioned above redistribution of 
vortices among strain-differentiated strong pinning centers as well as given considerations remain valid 
for L t a0 ~ W with VLL constant a0 determined by external field. On the other hand, due to the first 
inequality some part of vortices in distorted VLL n(H) can not accommodate to the ensemble of strong 
pinning centers located at block boundaries. This is the cause of decreasing magnetic field dependence 
Jc(H)/Jc(H = 0) = 1 – n(H) [8, 9]. In this case strain-induced Tc-inhomogeneity is the source of additional 
pinning force acting on vortices inside the blocks. It is given by the derivative of Eq. (7) by x0 : 
   T[HHWHWW cos2 212200 ¸¸¹·¨¨©§ wwwwww xEf batw , (10) 
where θ is the angle between Lorentz force and twin plane normal. It should be noted, that the temperature 
dependence of maximal value of this force at x0 = 0 is unusually weak with S = ½, compared to the case of 
strong pinning centers, for which S = 3/2 for r0 >> ξ and S = 5/2 for r0 << ξ (r0 is the characteristic size of 
defect in ab-plane) [7]. In a contrary to the redistribution effect, which reduces Jc and is suppress itself 
with increasing field and n(H) (because 6ni(H, H) = 1 – n(H)), pinning on strained twin structure ~ n(H) 
ftw(ε) enhances Jc with H and ε in accordance with experimental data [4, 5]. Moreover, according to [5] the 
effect is rapidly growing with T approaching Tc (due to the dependence with S = ½), and according to [4] 
it is absent in the case of field parallel to the ab-plane (because Lorentz force is parallel to c-axis in this 
configuration, cosθ = 0, and the force (10) vanishes). If H || c is increasing further, as well as |H|, the effect 
passes through its maximum and rapidly decreases. This happens because the current limitation 
mechanism is changing. At low or medium H and |H| Jc may be considered as a value, at which distorted 
VLL is simultaneously breaking away from relatively homogeneous pinning ensemble. If a0 is of order of 
W, all the strongest pinning centers are occupied by vortices even at J = Jc , which is determined by the 
beginning of partial motion of chains of vortices through the easiest paths, that is squeezing between 
strongly pinned vortices and zigzag sliding along strain-induced twinning washboard-like potential. Jc in 
such a regime is determined mainly by weak pinning along the easy paths, which is gradually suppressed 
as the strain is increasing. This regime will be considered in details elsewhere. 
In the case of bicrystal boundaries Jc is determined by pinning of a chain of Abrikosov – Josephson 
vortices at the boundary imperfections [ ]. Jc increased with ׀ε׀ in all cases, when compressive strain was 
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applied to such boundaries [ ]. This seems to be absolutely natural, if the strain-induced Tc-inhomogeneity 
along the straight bicrystal grain boundary would be taken into account as a source of additional pinning. 
3. Conclusion 
The strain-induced Tc-inhomogeneity at the twin scale in the orthorhombic phase of YBCO is shown to 
affect the critical current in diverse ways in different ranges of strain and applied or self magnetic field. 
The suggested model takes into account two competing mechanisms of the influence of such an 
inhomogeneity on the pinning potential for distorted VLL. Many experimentally observed effects, such as 
temperature, magnetic field and two-peak strain dependences of Jc can be comprehended in the 
framework of suggested model. 
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